[1] Trace gases including nitrogen dioxide (NO 2 ), nitrate radical (NO 3 ), ozone (O 3 ), and a suite of volatile organic compounds (VOCs) were measured within the New England coastal marine boundary layer on Appledore Island (AI), Maine, USA as part of the International Consortium for Atmospheric Research on Transport and Transformation (ICARTT) field campaign. These measurements, together with local meteorological records and published kinetic data were used to investigate nighttime NO 3 chemistry at AI during the period of 8-28 July 2004. Among the VOCs, isoprene, monoterpenes and dimethylsulfide (DMS) were the dominant NO 3 reactants; on average, DMS accounted for 51 ± 34% of the total reactivity. For three case studies, NO 3 mixing ratios were calculated from measured parameters with resultant uncertainties of 30%. Discrepancies with measured NO 3 appeared to result primarily from input parameter variability and exclusion of heterogeneous dinitrogen pentoxide (N 2 O 5 ) chemistry. We indirectly determined that nighttime NO 3 and NO x (=NO + NO 2 ) removal via N 2 O 5 chemistry (gas-phase + heterogeneous) was on average 51-54% and 63-66% of the total respectively. Our analysis suggested that the minimum average NO 3 and NO x removal via heterogeneous N 2 O 5 chemistry was $10% of the total. Reducing gas-phase N 2 O 5 reactivity in accord with Brown et al. (2006a) increased the importance of heterogeneous N 2 O 5 chemistry substantially. It is plausible that the latter pathway was often comparable to gas-phase removal of NO 3 and NO x . Overall, 24 h-averaged NO x removal was $11 ppbv, with nighttime chemical pathways contributing $50%.
Introduction
[2] The hydroxyl radical (OH), nitrate radical (NO 3 ) and ozone molecule (O 3 ) are the most important gas phase oxidants of volatile organic compounds (VOCs) and nitrogen oxides (NO x = NO + NO 2 ) in the troposphere. Both OH and O 3 have primary photochemical sources, and OH is the most important daytime oxidant. NO 3 is produced exclusively by the reaction of NO 2 with O 3 ,
and is highly photo-labile with limited oxidative capacity during the daytime due to rapid photolysis via
and reaction with NO, NO 3 þ NO ! 2NO 2 ðR3Þ [Atkinson, 2000; Geyer et al., 2001; Geyer and Platt, 2002; Brown et al., 2003a] . At night, the production rate of NO 3 far exceeds that of OH, and NO 3 is generally several orders of magnitude more reactive toward VOCs and NO x than O 3 [e.g., Atkinson, 2000] .
[3] During the nighttime, NO 3 is directly removed from the atmosphere by reactions with VOCs and NO. For saturated VOCs, dimethylsulfide (DMS), the oxygenated VOCs (OVOCs), and aromatics, NO 3 -initiated degradation proceeds mostly via hydrogen-atom abstraction to generate nitric acid (HNO 3 ) and peroxy radicals. For unsaturated VOCs including isoprene, the alkenes and monoterpenes, reaction with NO 3 proceeds mostly via initial NO 3 addition at unsaturated sites with the products being nitrooxy peroxy radicals. Biogenic VOCs, such as isoprene, monoterpenes and DMS [Allan et al., 2000; Geyer et al., 2001; Warneke et al., 2004; Aldener et al., 2006] are particularly important reactants for NO 3 . Because NO is rapidly oxidized to NO 2 by reaction with O 3 after dark [Allan et al., 2000] , it is generally an important reactant for NO 3 only in the proximity of sources [Platt and Janssen, 1995; Brown et al., 2003a; Stutz et al., 2004] . Also important to nighttime NO 3 chemistry is the reversible reaction of NO 3 with NO 2 to generate dinitrogen pentoxide (N 2 O 5 ),
where k f and k r are the rate coefficients for reactions (R4a) and (R4b), respectively. The NO 3 -NO 2 -N 2 O 5 system equilibrates rapidly after dark [Atkinson, 2000; Geyer et al., 2001; Brown et al., 2003b] . The removal of N 2 O 5 is generally expected to be governed by heterogeneous chemistry (i.e., reaction of N 2 O 5 on or within aerosol particles),
and likely depends strongly on aerosol composition [e.g., Folkers et al., 2003; Hallquist et al., 2003; Thornton and Abbatt, 2005; Brown et al., 2006a] . Gas-phase reactions of N 2 O 5 with water vapor have also been demonstrated [Wahner et al., 1998 ],
although their overall importance in the chemistry of the atmosphere remains a topic of considerable uncertainty [Heintz et al., 1996; Martinez et al., 2000; Atkinson et al., 2004; Stutz et al., 2004; Aldener et al., 2006; Brown et al., 2006a] .
[4] The reactivity of NO 3 can influence nighttime and early morning abundances of VOCs and NO x , and thus photochemical production of O 3 . How efficiently NO 3 mediates the removal of VOCs and NO x from the atmosphere depends strongly on the abundance of NO x [Platt and Janssen, 1995] and the sinks for N 2 O 5 [Brown et al., 2003a; Warneke et al., 2004; Brown et al., 2006b] . Accordingly, nighttime NO 3 chemistry is significantly different in urban versus rural and continental versus marine environments, and varies considerably with season of the year [Platt and Janssen, 1995; Heintz et al., 1996; Geyer and Platt, 2002; Vrekoussis et al., 2007] .
[5] The New England (NE) coastal marine boundary layer (MBL) is a unique environment for studying nighttime NO 3 chemistry. It is a corridor for mixing of air masses of both marine and continental origin, and consequently ambient conditions vary from those characteristic of the remote Atlantic to being dominated by strong continental biogenic and anthropogenic sources. Measurements of NO 3 in this region were previously limited to the 2002 New England Air Quality Study Warneke et al., 2004; Aldener et al., 2006] , which demonstrated that during the summer months nighttime NO 3 chemistry competes with daytime OH chemistry in controlling the NO x budget and isoprene oxidation [Warneke et al., 2004] . The nighttime abundances of NO 3 and monoterpenes were also closely coupled [Warneke et al., 2004; Aldener et al., 2006] . Hydrolysis of N 2 O 5 and reactions of NO 3 with VOCs were shown to contribute roughly equally to nighttime NO 3 removal [Aldener et al., 2006] .
[6] In this study we utilize measurements of a suite of trace gasses, including NO 2 , NO 3 , O 3 , and VOCs, and relevant meteorological parameters within the coastal Gulf of Maine MBL at the University of New Hampshire (UNH) AIRMAP Observing Station on Appledore Island (AI) (http://www.airmap.unh.edu) during the 2004 International Consortium for Atmospheric Research on Transport and Transformation (ICARTT) . (See Fehsenfeld et al. [2006] for an overview of the ICARTT campaign.) Our goals were to quantify the gas-phase chemistry that governed the observed nocturnal behavior of NO 3 and to estimate the contribution of heterogeneous N 2 O 5 chemistry to NO 3 and NO x removal.
Experimental Methods
[7] Routine measurements of CO, NO, and O 3 at AI, ME (42°59 0 13 00 N, 70°36 0 55 00 W) have been made seasonally (May -October) from the top story (45 m asl) of a World War II-era surveillance tower since 2002 as part of the UNH AIRMAP Observing Network. The tower was equipped for measurements of an extensive suite of chemical parameters for the ICARTT campaign. The subset of measurements incorporated into this analysis, together with the experimental details of the instrumentation deployed during ICARTT, is summarized in Table 1 . Additionally, meteorological variables were monitored at the National Data Buoy Center Coastal-Marine Automated Network station (IOSN3) on White Island (42°58 0 00 00 N, 70°37 0 24 00 W, 15 m asl) [National Data Buoy Center, 2004] located 2.3 km southeast of AI. Backward air mass trajectories were simulated at Plymouth State University using the NOAA HYSPLIT model, initiated from AI and run for 24 h (http://pscwx. plymouth.edu/ICARTT/archive.html). The trajectories were used to provide qualitative descriptions of the mesoscale dynamics accompanying the trace gas observations.
Trace Gas Measurements
[8] Air samples were collected hourly between 2 July and 13 August 2004 for C 2 -C 10 non-methane hydrocarbons (NMHCs), C 1 -C 2 halocarbons, C 1 -C 5 alkyl nitrates, selected OVOCs, CO 2 , and CH 4 . During the sampling period a single head metal bellows pump (MB-302MOD, Senior Flexonics, Sharon, MA) continuously drew ambient air from $45 m asl through a $20 m Â 6.35 mm I.D. stainless steel inlet line. Samples were collected in evacuated (10 À2 mbar) 2 l electropolished stainless steel canisters and pressurized to 2.4 bar. Filled canisters were returned to the UNH Climate Change Research Center every 4 days and their contents were analyzed by gas chromatography using flame ionization and electron capture detection in conjunction with quadrupole mass spectrometry. Detailed discussions of the UNH canister sampling and analysis protocols are provided by Sive et al. [2005] and .
[9] In addition to chromatographic analysis, Proton Transfer Reaction-Mass Spectrometry (PTR-MS) was used to provide high frequency measurements of several groups of isomeric NMHCs, certain individual OVOCs, DMS, and acetonitrile from 1 July to 12 August (Table 1) . The PTR-MS sampled air that was continuously drawn through a 30.5 m Â 9.525 mm I.D. PFA Teflon tube from the same height as the canister pump inlet. The flow rate through the sample line was $75 l min
À1
, resulting in a $2 s residence time. A sub-stream of fast flowing air off the main sample line was sent directly to the PTR-MS. The PTR-MS was operated with a drift tube pressure of 2 mbar and an electric field of 600 V while continuously stepping through a series of 30 masses. Of the 30 masses monitored, 6 masses were used for diagnostic purposes while the other 24 masses corresponded to the VOCs of interest. The dwell time for each of the 24 masses was 20 s, yielding a total measurement cycle of $10 min. The system was zeroed every 2.5 h for 4 cycles by diverting the flow of ambient air through a heated catalytic converter (0.5% Pd on alumina at 450°C) to oxidize the VOCs and determine system background signals.
[10] Calibrations for the PTR-MS system were conducted using three different high-pressure cylinders containing synthetic blends of selected NMHCs and OVOCs at the part per billion by volume (ppbv) level (Apel-Reimer Environmental, Inc.) . Each of the cylinders used in the calibrations had an absolute accuracy of <±5% for all gases. Using methods similar to those described by Apel et al. [1998] , standards were diluted to atmospheric mixing ratios (ppbv to pptv levels) with catalytic converter prepared zero air adjusted to maintain the humidity of the sampled air. Calibrations were conducted periodically to monitor PTR-MS performance and quantify the mixing ratios of target gases. Additionally, mixing ratios for each gas were calculated by using the normalized counts per second which were obtained by subtracting out the non-zero background signal for each compound.
[11] Long-Path (LP) Differential Optical Absorption Spectroscopy (DOAS) was used to measure a suite of inorganic gases, including NO 2 and NO 3 , and formaldehyde [Alicke et al., 2002] . The retroreflector array was installed ($15 m asl) on the White Island lighthouse, 2.3 km from AI. Spectra were recorded from the tower's third floor ($40 m asl) over a 4.6 km path length [Pikelnaya et al., 2007] . The DOAS system was operated from July 8 to August 11 although spectra were often not obtainable during periods of persistent fog and/or precipitation.
Analysis Methods
[12] In this paper we use an incremental approach to determine the respective importance of gas-phase and heterogeneous mechanisms in nighttime NO 3 chemistry at AI. This section describes our treatment of gas-phase NO 3 chemistry. The potential importance of heterogeneous chemistry is discussed separately in Section 3.4. Table 2 lists the measured NO 3 reactants along with the kinetic data for their corresponding reactions. Kinetic data for additional reactions considered in this study are also given in Table 2 . The pseudo first-order loss rate coefficient (hereinafter referred to as the loss efficiency) for removal of NO 3 via its reaction with trace gas i, k
), is given by the product of the reaction rate coefficient, k (NO3+i) , and the concentration of i:
) is the total loss efficiency for the removal of NO 3 by all N reactive gases. (The term k 0 i will also be described as the reactivity of i.) Because N 2 O 5 was not measured, its contribution to NO 3 removal was estimated by assuming equilibrium with NO 2 and NO 3 during the nighttime hours:
The errors incurred by this approximation are expected to be minimal under most conditions observed at AI. For instance, for average conditions encountered at AI (see below) with [O 3 ] % $40 ppbv, relative humidity (RH) % $90%, loss efficiencies for NO 3 and N 2 O 5 of $7 Â 10
À3
and $5 Â 10 À4 s
À1
, respectively, and the chemistry represented as described by Brown et al. [2003b; Equations [4] and [5] ], simple box model calculations demonstrated that ambient N 2 O 5 would have been 95% of its equilibrium value within $15 min of an instantaneous sunset, with starting concentrations of NO 3 and N 2 O 5 equal to zero. Furthermore, recent simultaneous field measurements of O 3 , NO 2 , NO 3 , and N 2 O 5 showed good agreement between measured N 2 O 5 mixing ratios and those calculated assuming equilibrium among the nitrogen oxides [Brown et al., 2003a] . In our analysis, the uncertainty in k r (average value of $20%) made the dominant contribution to the uncertainty in K eq [Atkinson et al., 2004] ; together the uncertainties in the measurements of NO 2 ($20%) and NO 3 ($40%) made a greater contribution to the overall uncertainty ($60%) in the calculated N 2 O 5 mixing ratios.
The NO 3 loss efficiency with respect to the reactions of N 2 O 5 with water vapor, k 0 (H2O(g)+N2O5) , was determined as
where the rate coefficients k 6a and k 6b correspond with reactions (R6a) and (R6b), respectively, and [H 2 O] is the atmospheric water vapor concentration. The NO 3 loss rate with respect to sink (i.e., loss pathway) j, L j (NO 3 ), is the product of the loss efficiency for sink j and the NO 3 concentration; the total loss rate via gas-phase (homogeneous) sinks, L hom (NO 3 ), is given by
where the summation is over all K gas-phase sinks. The total rate of gas-phase nighttime NO x removal is given by
where the factor of 2 appears in front of the N 2 O 5 -mediated NO 3 loss rate because N 2 O 5 contains two equivalents of NO x . Daytime NO x removal results primarily from the reaction of NO 2 with OH,
with a rate given by . During the ICARTT campaign, OH concentrations were calculated following the parameterization of Ehhalt and Rohrer [2000] as discussed by Keene et al. [2007] . The NO 3 production rate, P(NO 3 ), was
Notes to calculated from the measured mixing ratios of NO 2 and O 3 and the corresponding rate coefficient (Table 2) :
The total rate of the NO 3 concentration change, d[NO 3 ]/dt, can be approximated as
If the terms P(NO 3 ) and k 0 hom in Equation (9) are constant, the concentration of NO 3 at any arbitrary time t, [NO 3 ] t is given by:
where [NO 3 ] 0 is the initial NO 3 concentration. Since these terms do in fact vary, the time dependence of [NO 3 ] t was obtained by propagating Equation (10) for short intervals, updating the values of P(NO 3 ) and k 0 hom at every time step. For this investigation, Equation (10) was used to calculate nocturnal NO 3 mixing ratio profiles with the initial condition [NO 3 ] 0=21:00 = 0. For clarity in presentation of our results, we utilized U.S. east coast local time (Eastern Daylight Time), which is UT -4 h. Table 1. were experienced at AI, as the site was frequently impacted by continental outflow composed of both anthropogenic and biogenic emissions [Chen et al., 2007] . The mixing ratios of NO 2 , NO 3 , isoprene, DMS, and the monoterpenes varied over wide ranges from below their limit of detection (LOD) to 19.6, 0.073, 0.85, 0.33, and 0.62 ppbv, respectively. The average NO 3 mixing ratio was $10 pptv (see below), which appears to agree well with the observations of Warneke et al. [2004] in this region during July and August, 2002. By comparison, the average summertime NO 3 mixing ratio on the island of Crete in the East Mediterranean Sea during the years 2001 -2003 was $6 pptv [Vrekoussis et al., 2007] . Allan et al. [2000] measured NO 3 mixing ratios up to 40 and 20 pptv in the northeast Atlantic at Mace Head, Ireland during July and August, 1996 and at Tenerife Island off the coast of northwestern Africa during June and July, 1997, respectively. Average NO 3 mixing ratios during several nights in June, 1995 at a coastal site in north Norfolk, England [Allan et al., 1999] ranged between $4 and 25 pptv. Average NO 3 mixing ratios in summer 1993 at a rural site on Rügen Island in the Baltic Sea [Heintz et al., 1996] ranged between 6 and 10 pptv. During several nights in August and September, 2000, at a suburban continental site outside the city center of Houston, TX, Stutz et al. [2004] observed NO 3 mixing ratios typically <10 pptv with a maximum of $60 pptv. Geyer et al. [2001] observed similar values during July and August, 1998 at a suburban site near Berlin, Germany. During July and August, 1990 at a suburban site in the San Joaquin Valley, CA Smith et al. [1995] observed average and maximum NO 3 mixing ratios of $2 and 80 pptv respectively.
[14] The time series shown in Figure 2 presents the ratio of the total reactivity of biogenic compounds, k 0 biogenics , to the total reactivity of all VOCs, k 0 VOCs . The average ratio during the time period from 8 -28 July was 0.91 ± 0.14, emphasizing the dominance of biogenic VOC reactivity. The alkenes appeared to be the next most important class of VOCs for nighttime NO 3 removal, but on average they accounted for <10% of the VOC reactivity during the night. The OVOCs, aromatics and alkanes each accounted for <1% of the VOC reactivity during the night.
[15] The relative contribution of the individual biogenic VOCs to the overall NO 3 loss rate was evaluated, including k due to their continental origin they appeared at AI only during time periods influenced by strong offshore flow. This occurred $30% of the time during the ICARTT study period [Chen et al., 2007] .
[16] Assuming equilibrium conditions for the NO 2 -NO 3 -N 2 O 5 system, the NO 3 and N 2 O 5 mixing ratios should be nearly equal when NO 2 mixing ratios are several ppbv for the average conditions encountered at AI (T = 290 ± 2 K, NO 3 = 0.011 ± 0.013 ppbv, and NO 2 = 4.0 ± 4.2 ppbv). Our calculations suggest that removal of NO 3 via gas-phase reactions of N 2 O 5 was frequently comparable in magnitude to NO 3 removal with VOCs, indicating k VOCs /k 0 hom were 0.42 ± 0.26 and 0.58 ± 0.27 respectively, indicating that these two pathways were, in fact, comparable sinks for NO 3 .
[17] Whereas the reactions of NO 3 with VOCs remove NO 3 and NO x at the same rate, hydrolysis of N 2 O 5 is two times more efficient than NO 3 -related mechanisms for NO x removal because two equivalents of NO x are associated with N 2 O 5 . The average rate of NO x loss via reactions of N 2 O 5 with H 2 O(g) was estimated to be 0.36 ± 0.41 ppbv hr À1 compared to a NO x loss rate of 0.12 ± 0.11 ppbv hr À1 through reactions of NO 3 with VOCs.
Nocturnal Chemistry Case Studies at Appledore Island During ICARTT
[18] The following discussion focuses on trace gas measurements from several nights between 8-28 July 2004. Backward air mass trajectories were used for qualitative source region identification, while trace gas measurements and relevant gas-phase kinetics were used to explain important features of nighttime NO 3 chemistry.
[19] The selected case studies illustrate the role of nighttime NO 3 chemistry over a range of conditions at AI, including periods of Atlantic aged marine flow (13 and 14 July), polluted continental outflow (11 and 16 July), and polluted continental/biogenic outflow (25 July). For each case study we examined the relative levels of pollutants and estimated the transport pathway, calculated the mixing ratio of N 2 O 5 , and subsequently assessed the NO 3 /NO x loss rates due to reaction with marine and terrestrial biogenic VOCs. 3.2.1. Clean Marine Flow on 13 and 14 July
[20] The lowest trace gas levels during the nighttime hours of the ICARTT campaign were measured on 13 and 14 July. Backward trajectories for these two nights (Figures 4a and 4b) indicate that prior to their arrival at AI, the air masses resided over the Atlantic Ocean for >24 h [Keene et al., 2007] . Overall, the trace gas mixing ratios were characteristic of relatively clean conditions, exhibiting no recent anthropogenic influences. For example, average mixing ratios of toluene, ethyne and o-xylene on the night of 13 July were 0.008 ± 0.002, 0.288 ± 0.051 and 0.015 ± 0.002 ppbv respectively and on the night of 14 July were 0.009 ± 0.003, 0.105 ± 0.011 and 0.015 ± 0.003 ppbv. By comparison, for the nighttime hours (21:00 -05:00) between July 8 and 28, the average mixing ratios of these three gases were 0.157 ± 0.151, 0.360 ± 0.231 and 0.031 ± 0.018 ppbv.
[21] During both nights NO 2 mixing ratios were sub-ppbv and NO 3 was below its LOD of 3.4 pptv. The relatively low abundances of NO 3 presumably resulted from correspondingly low levels of NO x coupled with high levels of DMS. Mixing ratios of DMS were elevated to >0.20 ppbv, while isoprene remained <0.025 ppbv and the monoterpenes were below their LODs (Figure 1 ). Throughout both nights, DMS mixing ratios exhibited increasing trends while oxidant concentrations remained low. The average values of k 0 DMS / k 0 VOCs were 0.970 ± 0.004 and 0.948 ± 0.014 on the two nights respectively, indicating that reaction of NO 3 with DMS was the dominant gas-phase mechanism for removal of NO 3 .
Polluted Continental Outflow on 11 July
[22] Trace gas measurements and backward trajectories on 11 July (Figure 4c ) suggest that AI was impacted by polluted continental air masses characterized by average mixing ratios of toluene, ethyne and o-xylene of 0.39 ± 0.13, 0.69 ± 0.21, and 0.057 ± 0.012 ppbv respectively (Figure 5a ). These levels were 2 -5-fold higher compared to the nights of 13 and 14 July. In addition, the average mixing ratios of NO 2 and NO 3 were elevated by more than an order of magnitude to 12 ± 6 ppbv and 7 ± 3 pptv respectively. Backward trajectories indicate that during daytime on July 11 the air mass descended to the southeast of AI en route from over northeastern Maine and then circled back to AI from the south (Figure 4c ). The air mass appeared to traverse the Boston metropolitan area at approximately 20:00 and was subsequently transported to AI in <6 h. The mixing ratios for most of the anthropogenic tracers increased throughout the night, corresponding to continuous continental outflow of urban pollutants which seemingly fumigated the MBL surrounding AI.
[23] The calculated reactivities of biogenic VOCs closely tracked the measured mixing ratios of NO 3 around the midnight hours (Figures 5b and 5c ). Between 23:00 and 01:00, NO 3 mixing ratios increased by about a factor of six while biogenic reactivity decreased $8-fold. The loss rate of isoprene with NO 3 was >20 times faster than with O 3 during this time period, indicating that the observed removal of isoprene most likely resulted from reaction with NO 3 . On this night it appears that isoprene was the most important NO 3 reactant, and the attendant reduction in biogenic reactivity was mostly caused by its removal from 0.53 ppbv at 23:00 to 0.06 ppbv at 01:00.
[24] The contribution to k 0 hom from the reactions of N 2 O 5 increased significantly from sunset to sunrise. As illustrated in Figure 5c , this trend was driven mostly by the increase in NO 2 mixing ratios, which shifted the nitrogen oxides equilibrium toward N 2 O 5 . The reaction of N 2 O 5 with H 2 O(g) generally becomes more important with increasing relative humidity or decreasing temperature; however, both of these variables were relatively constant in this case. After midnight, k 0 hom was apparently dominated by reactions of N 2 O 5 , such that during the remainder of the evening NO 3 chemistry should have been primarily generating HNO 3 . At 01:00, NO 2 mixing ratios were 11.0 ppbv resulting in a gasphase HNO 3 production rate of 0.54 ± 0.31 ppbv hr
À1
. By 05:00 when NO 2 had increased to 18.4 ppbv, the rate of gasphase HNO 3 production was increased to 1.1 ± 0.6 ppbv hr
. The corresponding rates of gas-phase NO x loss were 0.58 ± 0.31 and 1.2 ± 0.6 ppbv hr À1 respectively. The gasphase rates of HNO 3 production and NO x loss at 01:00 and 05:00 are compared with the corresponding rates from heterogeneous N 2 O 5 hydrolysis in Table 3 . Despite increasing NO 2 mixing ratios, the NO 3 production rate remained roughly constant at 0.51 ± 0.12 ppbv hr
, resulting from the subsequent decrease in O 3 mixing ratios. Thus it appears that the slight decreasing trend in the NO 3 mixing ratios after 01:00 resulted primarily from the increasing trend in the N 2 O 5 loss rate.
Polluted Continental Outflow on 16 July
[25] Polluted continental air masses characterized by average mixing ratios of toluene, ethyne and o-xylene of 0.36 ± 0.09, 0.67 ± 0.19 and 0.040 ± 0.009 ppbv respectively impacted AI on 16 July. For most of this night these anthropogenic marker species had decreasing trends in their mixing ratios (Figure 6a) , suggesting a reduced influence of pollution sources at AI after dark. The 02:00 backward trajectory (Figure 4d) showed that the air mass originated over central New York State during the night of 15 July and was lofted to $1 km altitude over northern Massachusetts during the day on 16 July. By sunset, the air mass appeared to be traveling several hundred meters above ground level and may have had minimal contact with the surface layer upwind of AI during the night.
[26] Opposite trends in the biogenic reactivity and NO 3 concentrations were observed at both the beginning and end of this night (Figures 6b and 6c ). Between 21:00 and 22:00, the biogenic reactivity decreased from 6 ± 3 Â 10 À3 to 1.5 ± 0.7 Â 10 À3 s À1 while NO 3 mixing ratios increased from 4 to 21 pptv. These trends corresponded with decreases in isoprene and DMS mixing ratios from 0.280 to 0.062 ppbv and 0.044 to 0.019 ppbv, respectively. From 03:00 to 04:00 the NO 3 mixing ratio decreased from 19 to 4 pptv as the biogenic reactivity increased from 2.3 ± 0.6 Â 10 À3 to 8.1 ± 1.9 Â 10 À3 s À1 . Increases in the mixing ratios of a-pinene, b-pinene and camphene (from their LODs to 8, 45 and 44 pptv, respectively) comprised the dominant contribution to the biogenic reactivity. In this case a concurrent decrease in the NO 3 production rate, which was <L hom (NO 3 ) during this time period, appeared to contribute to the observed trend in NO 3 . Decreased production, coupled with a shift in loss mechanism also seemed to significantly reduce the rate of gas-phase NO x loss from 1.0 ± 0.2 ppbv hr À1 (22:00 -03:00) to <0.4 ppbv hr À1 (after 03:00).
[27] The NO 3 loss frequency was probably controlled by N 2 O 5 reactions between 22:00 and 03:00 (Figure 6b Table 1 . NO 3 measurements below the LOD (Table 1) were set to 0.5 Â LOD. average roughly two times larger than the corresponding values of k 0 VOCs , while the calculated N 2 O 5 mixing ratios were approximately an order of magnitude greater than the measured NO 3 mixing ratios. The average contribution of N 2 O 5 hydrolysis to gas-phase NO x removal was 82 ± 7%. The average contributions of gas-phase and heterogeneous mechanisms to NO x removal and HNO 3 production are compared in Table 3 for the periods from 22:00 to 03:00 and from 04:00 to 05:00. The general decreasing trend in the measured NO 3 mixing ratios appeared to result mostly from decreasing rates of production as the total gas-phase loss rate was relatively constant between 22:00 and 03:00 and exceeded P(NO 3 ) during the interval 23:00 to 04:00. Because the NO 2 mixing ratios remained constant, the NO 3 trend closely followed that of O 3 (Figure 6c ).
Polluted and Biogenic Continental Outflow on July 25
[28] Trace gas measurements during the night of 25 July indicate that AI experienced relatively clean conditions prior to 01:00, similar to those observed on the nights of 13 and 14 July. This is supported by the low mixing ratios of anthropogenic tracers such as CO (<120 ppbv), toluene (<0.050 ppbv), ethyne (<0.150 ppbv), o-xylene (<LOD), and NO 2 (<3 ppbv) (Figure 7a ). The influence of polluted continental outflow was first observed after 01:00, when O 3 and NO 3 concentrations decreased abruptly by 10 ppbv and 20 pptv respectively (Figure 7c ). One hour prior to this, the mixing ratio of CO began to rise from 120 ppbv reaching 170 ppbv by 01:00. However, sharp increases in the mixing ratios of monoterpenes and aromatics were delayed until 02:00 (Figure 7a ). Between 02:00 and 03:00, the CO mixing ratio increased by another 50 ppbv to 220 ppbv, NO 2 rose from 1.7 to 11.3 ppbv, isoprene from the LOD (0.002 ppbv) to 0.160 ppbv, and monoterpenes from 0.012 to 0.30 ppbv. By 04:00 the measured NO 2 mixing ratio had increased to 19.6 ppbv and all the alkenes and aromatic compounds listed in Table 2 were above their respective LODs. Finally, O 3 plummeted to $4 ppbv by 04:00.
[29] The transport patterns for both 11 and 25 July were strikingly similar (Figures 4c and 4e ) and the backward trajectories suggest that the air masses probably incorporated emissions from the urban coastal corridor stretching from Boston to southern Maine (Figure 4e ). Winds were significantly weaker on 25 July (1.3 ± 0.5 m s À1 ) compared to 11 July (5.7 ± 0.8 m s
À1
), resulting in longer transport times to AI on 25 July. The relatively stagnant conditions during the night of 25 July likely led to little influx of air masses with higher O 3 levels, and O 3 titration continued after 01:00, which prevented the NO 3 production rate from reaching even half the average value for the night of July 11. Relatively weak production, coupled with extraordinary enhancements of NO 3 reactants, particularly monoterpenes, suppressed NO 3 concentrations to below the LOD by 04:00. Conversely, higher levels of monoterpenes on this night than on both 11 and 16 July likely resulted in part from reduced production of NO 3 .
[30] At 03:00 the rate of gas-phase NO x removal reached a maximum of 0.83 ± 0.21 ppbv hr À1 , which was $75% of the average removal rate after 03:00 on 12 July. However, after 03:00 on 26 July the removal rate was apparently dominated by the reactions of NO 3 with monoterpenes and would have decreased considerably due to the slow rate of NO 3 production. For instance, if the NO 3 mixing ratio was equal to half the LOD (1.7 pptv; probably a conservative lower limit) after 03:00, the rate of NO x removal would have decreased to <0.12 ppbv hr À1 for the remainder of the night. The estimated contributions of gas-phase and heterogeneous mechanisms to NO x removal and HNO 3 production at 03:00 are presented in Table 3 .
Measured Versus Calculated NO 3 Time Series Profiles
[31] Figures 8a -8c show comparisons between measured and calculated (Section 2.2) NO 3 mixing ratios for 11, 16, and 25 July, respectively, where only gas-phase chemistry was considered. The calculated profiles reproduce the measurements within estimated uncertainties during most time intervals, indicating that gas-phase chemistry may have accounted for the majority of NO 3 loss. Assuming that uncertainties in the interpolated NO 3 production and loss rates are comparable to those of the hourly values, uncertainties in the calculated NO 3 mixing ratios for July 11, 16, and 25 ranged from 30 -40%, 20 -30% and 10 -40% respectively.
[32] Discrepancies between the measured and calculated values likely resulted mainly from the real temporal variability of the atmosphere not being captured in the hourly input values. For example, on the night of July 16, peak NO 2 mixing ratios were observed around 02:30, which slowed the overall decrease in the NO 3 production rate at the end of the night (Figure 8b ). Thus the calculated NO 3 values appeared to decrease faster than the measured ones after 02:00 due to coarse resolution that resulted in underpredicted NO 3 production between the hours of 02:00 and 03:00. Similarly, the peak in O 3 between 02:00 and 03:00 on 26 July was not captured in the calculated NO 3 produc- tion and caused the under-prediction of measured NO 3 during that time period. The calculated NO 3 mixing ratios appeared to more accurately reproduce the measurements on 16 July compared with 11 July and 25 July, which is likely due to increased variability in chemical composition during the latter two nights. In general, the calculation was expected to perform less well when any of the input parameters, namely the concentrations of NO 2 and O 3 and the value of k 0 hom , varied nonlinearly between the hour steps. Furthermore, variations in the input parameters between measure- Figure 7 . (a) Measured mixing ratios of ethyne, toluene, o-xylene, and CO (averaged hourly) for the night of 25 July. (b) Contributions to the total NO 3 loss efficiency on the night of 25 July. Uncertainties are the same as described in Figure 5b . (c) Measured mixing ratios of NO 2 , NO 3 and O 3 and calculated mixing ratios of N 2 O 5 for the night of 25 July. Uncertainties are the same as described in Figure 5c . NO 3 measurements below the LOD (Table 1) were treated as in Figure 5c . ments could not be fully captured in the calculation; they depended strongly on the distributions and strengths of upwind emissions sources, which were unknown.
[33] Exclusion of heterogeneous chemistry from the determination of the overall NO 3 loss efficiency probably contributed to the systematic positive bias observed in the calculated values for the nights of 11 and 16 July (Figures 8a  and 8b ). For 11 July, the bias was largest at the end of the night when N 2 O 5 chemistry made the greatest contribution to the NO 3 loss efficiency. For 16 July, the bias was largest at the beginning of the night when the calculation was most sensitive to the input parameters.
[34] The night of 25 July was an exception in that the calculated NO 3 mixing ratios were generally negatively biased. This suggests that the total NO 3 loss efficiency derived from the measurements may have been larger than the average over the DOAS measurement path length. Between 21:00 and 01:00 a-pinene was near the LOD but Figure 8 . Comparison between measured NO 3 mixing ratios and corresponding values calculated using Equation (10) for the nights of 11 July (a and d), 16 July (b and e) and 25 July (c and f). Calculated values in a-c include only gas phase loss processes for NO 3 and N 2 O 5 whereas calculated values in d -f include limits for heterogeneous loss of N 2 O 5 to aerosol and the ocean surface. Gray shaded regions in a-c represent uncertainty in the calculated values, the average being $30% for 11 and 16 July and $20% for 25 July. Shaded regions in d, e and F define limits of the calculated values based on uncertainties shown in a, b and c, respectively. Measurements below the LOD (Table 1) were treated as in Figure 5c with uncertainties set to 100%. made a significant contribution to the total NO 3 loss efficiency. Variability in the level of a-pinene between the LOD (0.002 ppbv) and 0.008 ppbv controlled much of the variability in the measured (relative standard deviation (RSD) = 80%) and calculated (RSD = 70%) NO 3 mixing ratios. A 50% variation in the a-pinene mixing ratios ($1-4 pptv) caused an average change in the calculated NO 3 mixing ratios of 24 ± 9%. The details of this sensitivity to a-pinene may not have been captured well by the hourly hydrocarbon measurements.
[35] Finally, disagreement between measured and calculated NO 3 mixing ratios would be expected if conditions at the point of the tower sampling inlets were in fact different than the average over the DOAS path length. This could arise from spatial heterogeneity in the air masses influencing the region or from the influence of local emissions sources. Indeed, during ICARTT air mass heterogeneity on a scale as small as $3 km, which is close to the maximum distance along the DOAS light path from the tower sampling inlets, was determined from inter-comparisons between the NOAA research vessel Ronald H. Brown (R/ V Brown) and the AI DOAS system [Osthoff et al., 2005] . However, O 3 measurements from the tower and the DOAS system generally tracked each other well, indicating the same air mass was usually being sampled. Times when local emissions could be clearly identified (these corresponded with nocturnal spikes in NO) were filtered out in our analysis.
Heterogeneous Nighttime NO 3 Loss: Uptake of N 2 O 5 by Aerosols/Ocean Surface
[36] To estimate the contributions to NO 3 and NO x removal of heterogeneous N 2 O 5 chemistry (i.e., reaction (R5) and presumably also deposition of N 2 O 5 to the ocean surface) the NO 3 loss efficiency with respect to heterogeneous N 2 O 5 chemistry, k 0 het , was first approximated based on discrepancies between the measured and calculated NO 3 mixing ratios for the nights of 11 and 16 July (Figures 8a  and 8b , respectively). After midnight on 11 July (Figure 5b ) and between 22:00 and 03:00 on 16 July (Figure 6b ) reactions of N 2 O 5 potentially dominated NO 3 /NO x removal. During these time periods, with the exception of the period between 02:00 and 03:00 on 16 July (Section 3.3), the systematic positive biases in the calculated NO 3 mixing ratios likely resulted from the exclusion of heterogeneous chemistry in the calculations. By adding a term equal to an adjustable fraction of k 0 indirect to the total NO 3 loss efficiency in Equation (10) Figures 8d -8f show comparisons between calculated and measured NO 3 mixing ratios for the nights of July 11, 16 and 25, respectively, where 0.2 r het 0.4. Again, the night of 25 July was the exception; agreement between the measured and calculated NO 3 mixing ratios was not improved by accounting for heterogeneous N 2 O 5 chemistry. This was expected based on our discussion in Section 3.3.
[37] Aerosol properties as a function of size were measured in the Gulf of Maine aboard R/V Brown (data courtesy of T. Bates, NOAA Pacific Marine Environmental Laboratory (PMEL)). We utilized data obtained within a 50 km radius of AI (ship coordinate data courtesy of J. Johnson, NOAA PMEL) to better quantify heterogeneous removal of N 2 O 5 by aerosols. The aerosol surface area density distributions suggested that aerosols with diameters d < 1 mm accounted for 97 ± 2% of the total aerosol surface area density S a . Average aerosol reaction probabilities were estimated using
Here g is the mean molecular speed of N 2 O 5 and values for k , respectively. This range compares favorably with previous work and properties of sub-mm aerosol observed at AI [Hallquist et al., 2000; Folkers et al., 2003; Hallquist et al., 2003; Thornton and Abbatt, 2005; Fischer et al., 2006; Keene et al., 2007] .
[38] Sub-mm aerosol at AI was reportedly acidic in general, with median pH values 1.6 and total acidity dominated by bisulfate anion (HSO 4 À ) [Keene et al., 2007] . For N 2 O 5 uptake on aqueous sub-mm sulfuric acid (H 2 SO 4 ) aerosol under similar atmospheric environment, Hallquist et al. [2000] obtained the g value of 0.033 ± 0.004, which is close to the upper bound of our derived range of g ($0.023).
[39] It is suggested in several studies that increasing NO 3 À activity in aqueous sub-mm sodium nitrate (NaÁNO 3 ) aerosol [Hallquist et al., 2003] and adding surface active organic compounds to sub-mm aerosol [Folkers et al., 2003; Thornton and Abbatt, 2005] can reduce reactive uptake of N 2 O 5 . In particular, Folkers et al. [2003] measured three-to sevenfold reductions in g upon exposure of aqueous ammonium bisulfate (NH 4 ÁHSO 4 ) aerosol to particle free ambient air. Since particulate nitrate (NO 3 À ) loading in sub-mm aerosol size fractions was observed at AI in continental outflow during ICARTT [Fischer et al., 2006] , values of g < 0.033 seem to be highly reasonable. Our lower bound agrees favorably with the value of $0.003 derived by Allan et al. [1999] and the one obtained by applying a sevenfold reduction to the g of Hallquist et al. [2003] .
[40] The favorable agreement between the calculated and assumed g values indicates that our derived range of r het values is valid. However, it should be cautioned that the g values calculated in this study might represent upper limits since depositional loss of N 2 O 5 was not accounted for. Over the derived range of r het values, the rates of NO 3 and NO x removal were on average 10 ± 6% to19 ± 5% and 12 ± 5% to 24 ± 10% larger, respectively than those determined without considering heterogeneous N 2 O 5 uptake. Accounting for additional N 2 O 5 removal as described above does not change the conclusion that reactions of NO 3 with VOCs and reactions of N 2 O 5 appeared to be comparable sinks for NO 3 .
[41] The relative importance of gas-phase versus heterogeneous N 2 O 5 loss as determined in the present work depends strongly on the rate coefficient for reaction of N 2 O 5 with water vapor (k (H2O(g)+N2O5) ). The results of Brown et al. [2006a] suggest a value of k (H2O(g)+N2O5) that is lower than the current recommended value [Atkinson et al., 2004] by a factor (denoted as f hereinafter) >2.6. Our data also appear to be consistent with a reduced value of k (H2O(g)+N2O5) . For example, on the night of 11 July, using the average value of S a (162 ± 67 mm 2 cm À3 ) from measurements aboard R/V Brown (the ship was on average 33 ± 7 km southeast of AI on this night), the derived values of k such that the average value of g 0.037 (the mean + 1s value of Hallquist et al. [2000] ) for the night of July 11, we obtained a reduction of k (H2O(g)+N2O5) by f 2.9. The calculated value of f increases with S a and would be underestimated if larger surface area densities were experienced at AI than aboard R/V Brown. However, f would be overestimated if g was in fact smaller.
[42] Reducing k (H2O(g)+N2O5) by f = 2.9 decreased the average value of k 0 indirect /k 0 hom by $50% to 0.25 ± 0.20 (Section 3.1) and increased the derived upper limit of r het to 3.1. The average value of k 0 het /k 0 hom increased from 0.14 ± 0.08 to 0.36 ± 0.20, while the average contributions of aerosol N 2 O 5 uptake to NO 3 and NO x removal increased from minima of $10% (r het = 0.2) to as large as 40 ± 19% and 50 ± 18%, respectively (r het = 3.1; f = 2.9). The N 2 O 5 loss efficiency was thus significantly repartitioned between gas-phase and heterogeneous chemistry. Presented in Table 3 is a comparison of the average values of L(NO x ) and P(HNO 3 ) resulting from VOC-and N 2 O 5 -mediated NO 3 removal, including the gas-phase values given in Section 3.1. The dependence of the N 2 O 5 -mediated rates on k (H2O(g)+N2O5) is also shown.
[43] When the N 2 O 5 -mediated NO 3 loss efficiency is attributed entirely to heterogeneous hydrolysis the maximum derived average value of g is 0.065 ± 0.014, which seems unrealistically large based on the discussion above.
This result suggests that it is inappropriate to assume N 2 O 5 hydrolysis is an exclusively heterogeneous process.
[44] The average contributions of N 2 O 5 chemistry to nighttime NO 3 and NO x removal were 51 to 54 (±25%) and 63 ± 24% to 66 ± 23% respectively, corresponding with the derived range of r het . These values are independent of the precise value of k (H2O(g)+N2O5) following our methodology. A similar partitioning between direct and indirect NO 3 removal mechanisms in this region during July and August, 2002 was reported by Aldener et al. [2006] . The average relative contributions of gas-phase and heterogeneous mechanisms to nighttime NO x removal are summarized for the limiting values of r het and f in Figure 9 .
Daytime Versus Nighttime NO x Removal
[45] The average rate of daytime NO x removal, determined using Equation (7) for the daytime hours (05:30 -20:30) between 05:30 on 11 July and 20:30 on 28 July, was 0.43 ± 0.58 ppbv hr
À1
. In comparison, the average rate of nighttime NO x removal, determined using Equation (6) for the nighttime hours (21:00-05:00) between 8 and 28 July, ranged between 0.55 ± 0.54 ppbv hr À1 and 0.62 ± 0.62 ppbv hr
. These rates correspond to the range of relative heterogeneous loss efficiencies that were derived in Section 3.4 and are insensitive to repartitioning N 2 O 5 removal between gas-phase and heterogeneous chemistry. Both NO 3 À and OH-mediated NO x removal is expected to be relatively inefficient near sunrise and sunset, when the abundances of both oxidants reach their minima [e.g., Warneke et al., 2004] . Hence the average total NO x removal during a 24 h cycle was estimated by multiplying the average daytime and nighttime NO x removal rates by the durations of the daytime and nighttime periods defined above. The resulting 24 h-averaged NO x removal was $11 ppbv with nighttime NO x removal contributing $50% of the total, despite the nighttime hours representing only $40% of the diel cycle. Accordingly, reduction of NO x in polluted continental outflow is expected to be twofold greater than would be predicted based on daytime chemistry alone. This result provides additional evidence for the importance of nighttime NO 3 chemistry in this atmospheric environment. Figure 9 . Minimum and maximum average relative contributions of gas-phase and heterogeneous mechanisms to NO x removal for the period 8 -28 July (see text for details).
[46] Brown et al. [2004] inferred the relative importance of daytime and nighttime NO x removal from the NE MBL during summertime by comparing daytime and nighttime HNO 3 (g) production. They found that nighttime production on average accounted for $35% of the total production. The calculated average nighttime HNO 3 (g) production rate was $80% of the average daytime production rate. The rate of daytime HNO 3 (g) production is roughly equivalent to the rate of daytime NO x loss given by Equation (7), while the rate of nighttime HNO 3 (g) production was approximated using Equation (6), where k 0 N2O5 was used in place of k 0 indirect and only VOCs that react with NO 3 via H-atom abstraction (DMS being most important (Section 3.1.)) were considered:
Equation (12) , for r het = 0.2 and 0.4 respectively (Table 3) , corresponding with $70-80% of the average daytime HNO 3 (g) production rate. Thus we conclude that average P(HNO 3 (g)) night 0.8 Â average P(HNO 3 (g)) day . This upper bound is in excellent agreement with the findings of Brown et al. [2004] , and further suggests that the variability in nighttime NO 3 chemistry in summer 2002 over this same region was reproduced in 2004. Such reproducibility in the atmospheric environment was also noted regarding properties of aerosol chemistry [Fischer et al., 2006; Keene et al., 2007] . Moreover, that our results suggest daytime and nighttime HNO 3 (g) production rates were often comparable may partially explain the occurrence of nocturnal peaks in HNO 3 (g) mixing ratios measured at AI [Fischer et al., 2006] .
Summary
[47] Measurements of trace gases important to the nighttime chemistry of NO 3 were measured at Appledore Island, ME during the 2004 ICARTT campaign. The suite of measurements including NO 3 , VOCs, O 3 and NO 2 were used in this study to determine the most important gas-phase nighttime loss mechanisms for NO 3 during the period July 2004 , and, together with backward trajectories, to understand the NO 3 chemistry that occurred during several individual nights. The importance of heterogeneous N 2 O 5 chemistry for nocturnal NO 3 and NO x removal was also investigated. The following conclusions were drawn from this work: [48] (1) This study confirmed the importance of biogenic VOCs as nighttime reactants with NO 3 in the NE MBL during the summertime. The average contribution of DMS, isoprene and monoterpenes to the loss efficiency of all measured VOCs was >75%. DMS appeared to be the dominant NO 3 reactant overall due to constant DMS emissions in this marine environment. On average DMS accounted for 51 ± 34% of the NO 3 loss efficiency of all measured VOCs. The inverse relationship between the NO 3 mixing ratio and the reactivity of biogenic compounds suggested that the abundance of biogenic compounds at AI was significantly modified by nighttime NO 3 chemistry.
[49] (2) The chemistry of NO 3 was most active at AI under the influence of continental outflow when elevated levels of NO x and VOCs were transported under southerly flow in the MBL. Under these conditions, isoprene and the monoterpenes were typically the dominant NO 3 reactants at the beginning of the night. Conversely, reactions with NO 3 appeared to efficiently oxidize isoprene and the monoterpenes. Strong upwind NO x emissions greatly enhanced the importance of N 2 O 5 chemistry for NO x removal, although, with significant upwind titration of O 3 , VOC oxidation and NO x loss actually appeared to be suppressed by reduced NO 3 production.
[50] (3) VOC-and N 2 O 5 -mediated NO 3 removal appeared to be roughly equivalent. However, N 2 O 5 removal is more efficient for NO x removal than for NO 3 removal and the average contribution of N 2 O 5 chemistry to total nighttime NO x removal was 63-66%.
[51] (4) On the basis of the recommended rate coefficient for reaction of N 2 O 5 with H 2 O(g) [Atkinson et al., 2004] heterogeneous N 2 O 5 chemistry appeared to be of minor importance to nocturnal NO 3 chemistry with estimated minimum average contributions to nighttime NO 3 and NO x removal of $10%. The corresponding average derived probabilities g for reaction of N 2 O 5 with aerosols were $0.003 -0.019. This range agrees with previous work and properties of sub-mm aerosol at AI. Our results appeared to be consistent with those of Brown et al. [2006a] , which suggest that gas-phase N 2 O 5 reactivity is overestimated by the current recommended value of k (H2O(g)+N2O5) . However, on the basis of our analysis, it is equally probable that the recommended rate coefficient is correct. The estimated maximum average contributions of heterogeneous N 2 O 5 chemistry to nighttime NO 3 and NO x removal were $40% and $50% respectively, corresponding to a factor of 2.9 reduction in the recommended value of k (H2O(g)+N2O5) . Larger reductions in k (H2O(g)+N2O5) yielded unrealistically large g values, suggesting that a component of gas-phase N 2 O 5 hydrolysis was necessary to adequately describe the NO 3 measurements.
[52] (5) The 24hr-averaged NO x loss was $11 ppbv with nighttime chemistry contributing $50% despite the nighttime having been only $40% of a diel cycle. It follows that true NO x removal in this region during summertime should be roughly two times that estimated based on photochemistry alone.
[53] (6) The maximum average rate of nighttime HNO 3 (g) production was $80% of the average daytime production rate. Thus it is likely that nighttime NO 3 chemistry was an important mechanism for causing measured HNO 3 (g) mixing ratios to exhibit secondary maxima after dark.
[54] (7) The overall favorable agreement between the measured and calculated NO 3 mixing ratios for the nights of July 11, 16, and 25 suggests that the kinetic treatment presented here accurately reflects the general characteristics of nighttime NO 3 chemistry at AI during the ICARTT campaign and corroborates our understanding of the overall role of nocturnal NO 3 chemistry at this site.
[55] (8) Finally, our results suggest that variability in the chemistry of the atmosphere in this region during summer 2002 was reproduced during the ICARTT campaign during summer 2004.
[56] Under certain conditions, future measurements of NO 2 , O 3 and gas phase NO 3 reactants at this site could be used, in the absence of NO 3 measurements, to help infer the role of nocturnal NO 3 chemistry. More complete simultaneous measurements of aerosol properties would help constrain aerosol loss and reconcile possible discrepancies between laboratory and field measurements of k (H2O(g)+N2O5) .
